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Spin wave scattering in the right angle ferromagnetic cross was measured. Shape anisotropy defined magnetization ground states at 
zero biasing magnetic fields. Scattering of the spin waves in the center of ferromagnetic cross is strongly dependent on the amplitude 
and angle of the biasing magnetic field. Micromagnetic simulations indicate that low in-plane biasing magnetic fields rotate the 
magnetization of the cross center while the arms stay axially magnetized due to the shape anisotropy. We discuss effect of biasing 
magnetic fields on the spin wave scattering and approaches to an effective spin wave switch based on the fabricated structure.  
 
Index Terms— Ferromagnetic Cross, Scattering, Magnetostatic Spin Waves, Spin Wave Logic, Switch. 
 
I. INTRODUCTION 
ECENT advances in technology explore alternative 
computational approaches as transistor performance 
approaches to its physical limits. Spintronics offers one of the 
possible directions for the development of logic elements [1]. 
Magnetic bipolar transistors [3], spin MOSFETs [3] and spin 
torque transfer devices [4-6] explore potential enhanced 
performance by sensing or using the spin degree of freedom 
that accompanies the charge current flow [7].  Spin waves can 
transfer spin information and have the potential for spin 
control without directly moving charge.  
Spin waves in bulk materials have been studied for over a 
century. Bulk yttrium iron garnet (YIG) is used in a number of 
microwave applications such as delay lines, tunable filters, in 
which its ferromagnetic resonance is tuned by external 
magnetic field [8]. However, ease of deposition, processing 
and nanofabrication of ferromagnetic metals makes them more 
attractive for future nanoscale microwave devices. Further, 
ferromagnetic metals like CoTaZr and CoFeB have nearly an 
order of magnitude larger saturation magnetization than 
typical ferrimagnets [9]. As a result, they support higher and 
broader bands of spin wave resonances. Among the metallic 
ferromagnetic materials CoTaZr exhibits the lowest coercive 
fields of 2–10 Oe which enables using the shape anisotropy 
for self-alignment of the magnetization in the patterned 
ferromagnetic structures. 
Shape anisotropy defines the magnetization alignment in the 
patterned ferromagnetic films. These structures support shape 
defined magnetostatic spin wave modes quantized by the 
structure dimensions at zero biasing magnetic field. Stripes 
and wires of various geometries, magnetic dots and antidot 
arrays, and tubes have been intensively studied. Quantized 
spin wave modes [10], [11], spin wave “tunneling” [12-15], 
current induced Doppler shifts [16], nonreciprocal spin wave 
propagation [17], magnon Bose-Einstein condensation [18] 
and various nonlinear effects [19], [20] have been observed in 
these structures.  
Local magnetization inhomogenities artificially generated 
by local currents [13], transferred spin torque effects [21], 
[22], and magnetostriction [23] can be used to generate, detect 
and control the spin wave propagation. DC currents flowing in 
the wires placed in vicinity of the magnetic structure produce 
local magnetic field used to disturb the magnetization 
orientation in the part of the spin waveguide. This effect is 
used to manipulate the spin wave phase and amplitude [13]. A 
number of spin wave logic gates based on this effect were 
proposed [24], [25]. Most of the studied structures had the 
shape of either thin ferromagnetic film or ferromagnetic wire. 
However future development of spin wave based logic circuits 
relies on the interference devices which require studying 
structures with three and more spin wave wires joined in the 
junction device. Such structures require bends and change in 
the spin waveguide shape in order to provide the require spin 
wave propagation direction. Recent experiments on the right 
angle bends of the spin waveguide provided a nice 
demonstration of shape anisotropy importance for spin wave 
based logic devices [26]. 
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Fig. 1.  Top view SEM micrograph of the CoTaZr cross with 
coupling loops and tube couplers at the cross arm ends. Magnetic 
field direction angle is measured from the horizontal (port 1 to 
port 3) line. 
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In this work we study backward volume spin wave 
propagation in a more complex magnetic structure which has a 
shape of spin waveguides crossing at a right angle, thus 
forming a ferromagnetic cross junction (Fig.1). We 
demonstrate that the spin wave scattering in the cross center is 
strongly dependent on the magnetization orientation of the 
cross center. Our experimental results indicate importance of 
spin wave scattering in ferromagnetic cross for spin wave 
logic and signal processing applications. 
II. EXPERIMENTAL APPROACH 
Ferromagnetic CoTaZr cross junction was lithographically 
fabricated using the following fabrication flow. A 200 nm 
thick amorphous ferromagnetic Co90Ta5Zr5 film was sputtered 
onto a Si/SiO2 substrate. A saturation magnetization of 
Ms=955 emu/cm3 and a coercive field Hc~2Oe were measured 
on the unpatterned Co90Ta5Zr5 film using a vibrating sample 
magnetometer. More detailed information on the magnetic 
properties of sputtered Co90Ta5Zr5 films used in our 
experiments can be found in the literature.  Using lithographic 
techniques, the film was selectively etched in the ICP dry etch 
system with chlorine based chemistry to define the 
ferromagnetic cross with 4 µm wide and 12 µm long arms. 
The patterned ferromagnetic film was then covered with a 
100 nm thick insulating SiO2 layer. 100 nm thick aluminum 
coupling loops were lithographically formed by short-
circuiting the ends of a pair of coplanar waveguides positioned 
over the cross arms. The structure was covered with another 
SiO2 insulating layer, 200 nm thick. 2 µm long ferromagnetic 
tubes were formed by dry-etching holes down to the bottom 
magnetic layer and subsequently patterning another layer of 
Co90Ta5Zr5 on top. Tubes thus formed at ends of the cross 
junction arms formed a closed magnetic circuit and served for 
enhanced coupling between microwaves and spin waves. 
More details about these tube couplers can be found in 
literature [27]. 
Transmission S-parameters were measured at room 
temperature using an Agilent 8720ES vector network analyzer 
(VNA) operating from 0.05 to 20 GHz. Test structure was 
probed using Cascade microtech infinity probes connected to 
the VNA ports.  Only transmission S21, S31 and S41 scattering 
parameters were measured (indexes correspond to the test 
structure port numbers). Spin waves were generated at the port 
1 of the fabricated structure. Scattered waves were detected at 
ports 2 and 3. The test devices were positioned on the narrow 
gap of a small electromagnet that provided magnetic field bias 
up to 1000 Oe. By comparing the S-parameters at disparate 
bias magnetic fields, the magnetic field independent 
instrument response and electromagnetic coupling between 
measurement ports can be effectively removed to expose the 
S-parameters related to the magnetostatic mode coupling of 
exciting and detecting loops of the coplanar waveguides. 
Magnetic field orientation was varied in-plane of the test 
structure. The magnetic field orientation angle measured with 
respect to the line connecting ports 1 and 3 of the fabricated 
structure was varied within 0 ÷ 90 degrees range.  
III. RESULTS AND DISCUSSION 
In absence of external magnetic field we did not detect any 
transmission related to the magnetic coupling between 
exciting and detecting coupling loops at any of the 3 output 
ports due to the misalignment of the magnetization in the cross 
(Fig.1). As the magnetic field magnitude increased spin wave 
scattering into arms 2, 3 and 4 was detected starting at 
H~250 Oe. With increase of the magnetic field spin wave 
resonances shift towards higher frequencies and the 
transmission amplitude grows to saturation at H~700Oe. 
 
 
Amplitude of the transmitted magnetostatic signal 
measured at ports 2-4 showed strong dependence on the angle 
of the external magnetic field. Almost no spin wave scattering 
into arms 2-4 was detected when the cross was biased with 
external magnetic field applied at φ=0o (measured 
transmission S parameters were in order of ~10
-5
). The angular 
dependence of S31 and S41 real part amplitudes are shown in 
Fig.2b. S21 and S41 had identical angular dependences within 
the measurement error. Amplitude of the spin wave scattered 
 
 
 
Fig.2.  (a) Frequency and biasing magnetic field 
dependence of |S31| measured with the fabricated sample 
at φ=45o. (b) S31 and S41 dependence on the angle of 
external magnetic field measured at H=394 Oe. 
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into the opposite arm (S31) reaches its maximum at 75
o  . 
S21 and S41 (spin waves scattered at the right angles into arms 
2 and 4) had the maximum amplitude at φ≈.  At φ≈ 
spin waves scattered to the ports 2, 4 and port 3 has almost 
equal amplitudes. 
Micromagnetic simulations show that at zero external 
magnetic fields ferromagnetic cross has four possible ground 
states with axially magnetized arms and the center magnetized 
at 45
o
 with respect to the arms. However the ends of the arms 
experience magnetization distortions for the cross with short 
and wide arms. In the measured structure such magnetization 
distortions are even more enhanced by the tube couplers. Short 
tube couplers tend to be magnetized circularly along the tube 
perimeter [28]. Such magnetization layout is not favorable for 
spin wave excitation. This poor coupling is responsible for the 
absence of transmission measured at zero magnetic fields.  
As the external magnetic field is increased the 
magnetization of the cross arms is “pinned” by the shape 
anisotropy while the magnetization of the cross center and the 
tube couplers is being manipulated. Magnetization orientation 
in the tube couplers and the cross center magnetization define 
the amplitude of the detected spin wave signal. However as 
can be seen from in Fig. 2b the strongest signal of the spin 
wave scattered to the opposite arm of the cross (S31) is 
measured in the non-favorable orientation of the 
magnetization of the tube couplers, and almost no signal is 
measured at arms 2 and 4 for the most favorable orientation of 
the tube coupler’s magnetization. This tells us that although 
there should be an effect of the spin wave excitation and 
detection efficiency on the measured scattered spin wave 
transmission signal, the magnetization orientation of the cross 
center significantly affects the spin wave scattering in this 
structure.  
IV. CONCLUSIONS 
In summary, spin wave scattering in the ferromagnetic cross 
was investigated using spin wave propagation spectroscopy. 
We have shown that spin wave scattering in this structure is 
strongly dependent on the magnetization orientation of the 
cross junction center. The tube couplers used for spin wave 
excitation and detection should affect the excited spin wave 
amplitude and coupling-out the spin wave signal; however, the 
experimental results indicate that distortions in the 
magnetization of the tube couplers do not define the measured 
transmission signal. However our experiments are not 
sufficient of providing quantitative analysis of the spin wave 
scattering. For more detailed analysis of the spin wave 
scattering processes cross junctions with locally controlled 
center magnetization and more controllable spin wave 
coupling-in and coupling-out should be explored.  
The fabricated structure is potentially important for spin 
wave logic/signal processing applications. We demonstrated 
spin wave switching dependent on the local the magnetization 
of the ferromagnetic cross center. Magnetization of the cross 
junction center might be controlled by spin transfer torque 
device placed at the cross center. Input and output spin 
waveguides should have ferromagnetic wire geometry to 
provide sufficient shape anisotropy for magnetization 
alignment.  
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